Wide-field fluorescence microscopy at high magnification was used to study the intracellular binding site of Rubb 16 in Escherichia coli. Upon incubation of E. coli cells at the minimum inhibitory concentration, Rubb 16 localised at ribosomes with no significant DNA binding observed. Furthermore, Rubb 16 condensed the ribosomes when they existed as polysomes. It is postulated that the condensation of polysomes would halt protein production, and thereby inhibit bacterial growth. The results of this study indicate that the family of inert dinuclear ruthenium complexes Rubb n selectively target RNA over DNA in vivo. Selective RNA targeting could be advantageous for the development of therapeutic agents, and because of differences in ribosome structure between bacteria and eukaryotic cells, the Rubb n complexes could be selectively toxic to bacteria. In support of this hypothesis, the toxicity of Rubb 16 was found to be significantly less to liver and kidney cell lines than against a range of bacteria.
Introduction
There has been signicant interest in the biological properties of inert ruthenium(II) complexes that contain polypyridyl ligands, primarily due to their nucleic acid binding ability.
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More recently, research has focused on the anticancer activity of these complexes and the site(s) of accumulation of the ruthenium complexes within eukaryotic cells. [7] [8] [9] [10] [11] [12] [13] [14] In addition to the studies with eukaryotic cells, there has also been considerable interest in the antimicrobial properties of inert polypyridylruthenium(II) complexes. [15] [16] [17] [18] [19] As with eukaryotic cells, DNA binding is generally suggested or implied as the possible intra-cellular target. Indeed, in the only intra-bacterial localisation study reported to date (to our knowledge), Gill et al. showed that the rigidly-linked dinuclear ruthenium(II) complex [(phen) 2 Ru-(m-tpphz)-Ru(phen) 2 However, toxicity has always been the major concern for the DNA-targeting metal complexes. Due to the lack of variation in the structure of DNA between bacteria and eukaryotic cells, DNA is unlikely to provide the selectivity required for development of a clinically-useful antimicrobial drug. By contrast, ribosomal RNA (rRNA), the most abundant form of RNA in both eukaryotes and bacteria, 20, 21 is an essential component of ribosomes which exhibit signicant differences in bacteria and eukaryotic cells. 22 While many antimicrobial drugs in current clinical use target bacterial ribosomes, few if any directly target bacterial chromosomal DNA without causing severe toxicity and side effects. [23] [24] [25] Therefore, RNA binding could be advantageous for the development of metal complexes as new antimicrobial agents.
We have recently demonstrated that a series of dinuclear ruthenium(II) complexes which contain a exible methylene chain in the bridge [{Ru(phen) 2 } 2 (m-bb n )] 4+ {"Rubb n ", where bb n ¼ bis[4(4 0 -methyl-2,2 0 -bipyridyl)]-1,n-alkane -see Fig. 1} exhibit Fig. 1 The structure of the dinuclear polypyridylruthenium(II) complexes Rubb n , where n ¼ 2, 5, 7, 10, 12 and 16.
excellent antimicrobial activity against both Gram positive and Gram negative bacteria, and retain their activity against drugresistant strains such as methicillin-resistant S. aureus (MRSA). [17] [18] [19] Similarly to other dinuclear inert ruthenium(II) complexes that contain polypyridyl ligands, the Rubb n complexes bind DNA and RNA relatively strongly in vitro. [26] [27] [28] However, the Rubb n complexes show a distinct preference for non-duplex structures, e.g. bulges and hairpin loops. 27, 28 RNA contains a larger proportion of non-duplex type structures than DNA, forming complicated three-dimensional structures comprising of loops, bulges, pseudo-knots and turns.
5 Consequently, we postulated that the Rubb n complexes would preferentially bind RNA, rather than DNA, in bacterial cells and could have signicant clinical potential as novel antimicrobial agents with good selectivity and low toxicity.
Among the Rubb n compounds, Rubb 16 has shown the best antimicrobial activity against bacteria with the most rapid and efficient cellular uptake. 18 In one of our earlier studies, confocal microscopy was used to examine Escherichia coli that had been incubated with Rubb 16 .
18 Although the magnication and resolution was relatively low, the results suggested that the ruthenium complex localised within the bacterium, but in a manner that was not consistent with chromosomal DNA binding. Consequently, in the present study we aimed to determine the intracellular binding site of Rubb 16 by wide-eld uorescence microscopy at high magnication. The results indicate that Rubb 16 localises at ribosomes in E. coli, selectively binding RNA of ribosomes, most likely as 70S ribosome and polysomes. It is the rst time that a synthetic metal complex (not including metal-based derivatives of existing antibiotics) has shown in vivo RNA binding activity in bacteria, with the ribosome/polysome localisation being visualised via uores-cence microscopy. The cytotoxicity of Rubb 16 against liver and kidney cells (where drugs usually accumulate) was also investigated, and the results provide evidence of the selectivity of Rubb 16 for bacterial cells over eukaryotic cells.
Experimental

Materials
Rubb 16 was synthesised as described previously.
29 Luria Broth base was purchased from BD Difco. SYTO 9 Green uorescent nucleic acid stain and the DNA stain DAPI (4 0 ,6-diamidino-2-phenylindole)
were obtained from Molecular Probes, Invitrogen. Rifampicin and chloramphenicol were purchased from Sigma-Aldrich.
Bacterial strains and growth conditions E. coli MG1665 was used in this study. The bacterial strain was grown on Luria Broth (LB) agar plates at 37 C. A bacterial culture was obtained by inoculating bacteria in LB media and incubating overnight in a shaking incubator in a water bath at 37 C. The overnight culture was then diluted to a suspension with an optical density of approximately 0.05 at 600 nm (OD 600 ). A bacterial log-phase culture was obtained by continuing the incubation of this suspension for approximately 2 h until the OD 600 reached 0.5.
MIC assay
The minimum inhibitory concentration (MIC) was determined by the broth microdilution method as outlined in the CLSI guidelines. 30 The overnight bacterial culture was diluted to a concentration of 4 The in vitro cytotoxicity of Rubb 16 was assessed against the BHK (baby hamster kidney) cell line and two human cell lines -HEK-293 (embryonic kidney) and HEP-G2 (liver carcinoma) -using the alamar Blue cytotoxicity assay.
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Results
Localisation of Rubb 16
The MIC of Rubb 16 against E. coli MG1665 was determined to be 4 mg mL À1 . An initial microscopy experiment was carried out to conrm the effect of Rubb 16 at MIC on the growth of the bacteria. E. coli cells were incubated with Rubb 16 at 37 C for 1 hour. The treated cells were then prepared and imaged using time-lapse uorescence microscopy over a 20 minute timecourse. During the movie, no elongation of the bacteria was observed in Rubb 16 -treated samples while untreated control bacteria exhibited normal elongation, conrming that Rubb 16 inhibited the growth of the bacteria at MIC (data not shown). E. coli cells were then incubated with Rubb 16 at MIC (4 mg mL À1 ), 2Â MIC (8 mg mL À1 ) and 4Â MIC (16 mg mL À1 ) at 37 C for 1 hour, washed twice and loaded on agarose pads on slides for uorescence microscopy. The phase-contrast and luminescence images are shown in Fig. 2 . At MIC, orange phosphorescent "spots" indicate that Rubb 16 predominantly accumulated at the cell poles and in the middle of the cell at the cylindrical wall. Each of the Rubb 16 spots is approximately 0.3 mm (3000Å) in diameter, and interestingly, the spots located at the cell poles appear to be at the point of maximum curvature. This localisation pattern was also observed at 2Â and 4Â MIC, but with additional spots in most cells (data not shown). Previous NMR studies have shown that the Rubb n family of complexes bind strongly to both DNA and RNA. [26] [27] [28] For example, Rubb n complexes bind chromosomal DNA in S. aureus cells (albeit rather weakly). 28 However, the localisation of Rubb 16 shown in Fig. 2 suggests that the major accumulation site is not chromosomal DNA, which generally occupies a central region of a non-dividing E. coli cell with the poles generally devoid of DNA. 34 The DNA-"selective" dye DAPI (which binds DNA 100-fold more strongly than RNA and has a 3-fold higher uo-rescence quantum yield when bound to DNA than to RNA) was used to track the DNA distribution in E. coli cells.
35
Co-staining with DAPI DAPI-stained E. coli cells that had been previously treated with Rubb 16 are shown in Fig. 3 . The localisation pattern of Rubb 16 is consistent with that in bacteria without DAPI staining. At MIC, two to three relatively faint Rubb 16 phosphorescence spots are observed and the nucleoid appears to occupy the rest of the cell. Alternatively, ve to six spots are observed at 4Â MIC and the nucleoid appears to have condensed and become strand-like in appearance (see Fig. 3 ). At both MIC and 4Â MIC there was no signicant overlap of DAPI and Rubb 16 luminescence, suggesting that chromosomal DNA is not the major localisation site for Rubb 16 .
Competition assay with SYTO 9
Given that Rubb 16 has a high affinity for nucleic acids, the lack of Rubb 16 phosphorescence localised at chromosomal DNA suggests that RNA is the major in vivo binding target for Rubb 16 . SYTO 9 is a uorescent dye that binds RNA more strongly than DNA (although it has a higher uorescence quantum yield when bound to DNA). Gill et al. have utilised SYTO 9 to visualise RNA in the nucleolus of eukaryotic cells. 9 SYTO 9 was used in the present study to further investigate the localisation of Rubb 16 with respect to the nucleic acid-enriched regions of the bacteria.
E. coli cells at the mid-log phase of growth were incubated with Rubb 16 at MIC for 1 hour and then stained with SYTO 9. Aer 15 minutes of exposure to SYTO 9, the Rubb 16 phosphorescence decreased signicantly (shown in Fig. 4 ). Aer 30 minutes, no Rubb 16 phosphorescence was observed. In control experiments, it was shown that SYTO 9 does not quench the Rubb 16 phosphorescence, even at concentrations four-times higher than that used in experiments where no Rubb 16 phosphorescence was observed. Instead, SYTO 9 appears to be displacing Rubb 16 from its binding site.
The effect of chloramphenicol and rifampicin on Rubb 16 localisation
The DAPI co-localisation assays indicated that DNA is not the major target, while the competitive binding with SYTO 9 suggests binding of Rubb 16 to RNA in the cytoplasm. The polar and central localisation of the Rubb 16 foci at MIC are within the regions of E. coli cells normally occupied by ribosomes. 36, 37 This suggests that rRNA within the ribosomes may be a primary binding target for Rubb 16 , although the volume of the foci may appear to be too small to account for all the ribosomes in the cell. Therefore we conducted further localisation studies of Rubb 16 in E. coli, wherein the population and cellular distribution of RNA and ribosomes were intentionally disrupted by the use of antibiotics.
It has been reported that antibiotics which inhibit either transcription or translation can affect the morphology and distribution of the nucleoid as well as the population of RNAs and ribosomes in bacterial cells.
36-38 Chloramphenicol and rifampicin are two antibiotics that have been commonly used to bring about such effects. Chloramphenicol inhibits translation by binding to the bacterial ribosome and preventing protein chain elongation via the inhibition of peptidyl transferase.
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On the other hand, rifampicin halts transcription initiation by inhibiting RNA polymerase (RNAP). 37 It has been previously shown that when exponentially-growing E. coli cells are treated with chloramphenicol, the nucleoids become more condensed both radially and axially. Subsequently, the ribosomes then expand to into the space made available by the nucleoid contraction.
36,37 On the other hand, it has been established that in bacterial cells treated with rifampicin (for incubation times $ 30 minutes), the nucleoid material expands so that it is distributed throughout the entire cell. 37, 38 It was also shown that the ribosomes become distributed throughout the cellular space, rather than being localised at the polar regions.
Using the same experimental conditions as Bakshi et al.,
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E. coli cells treated with 128 mg mL À1 chloramphenicol for 30 minutes were then incubated with Rubb 16 at MIC for 15 minutes. Aer chloramphenicol treatment, the DAPI-stained nucleoid contracted, while the Rubb 16 luminescence was mainly located at the two cell end-caps ( Fig. 5a-d) . In comparison with chloramphenicol-untreated bacteria (shown again for convenience in Fig. 5e-g ), the Rubb 16 phosphorescence in the chloramphenicol-treated cells displayed no bright foci but was instead more uniform in intensity, and occupied most of the end-cap volumes. Indeed, the Rubb 16 distribution was entirely consistent with that of ribosomes in chloramphenicol-treated cells observed in previous studies. 37 This strongly suggests that Rubb 16 co-localises with the rRNA in the ribosomes of these cells.
E. coli cells were also treated with 128 mg mL À1 rifampicin for 30 minutes 37 and then incubated with Rubb 16 at MIC for 15 minutes. As with previous studies, we noted that the nucleoid in rifampicin-treated cells expanded to ll the entire cell (Fig. 6b) . Surprisingly, no phosphorescence of Rubb 16 was subsequently observed. In control experiments, it was shown that rifampicin only quenches the Rubb 16 phosphorescence by 30% at 128 mg mL À1 . Consequently, it is probable that the ribosome-bound Rubb 16 was now dispersed evenly throughout the whole cell region and the weak phosphorescence of Rubb 16 was beyond the detection limit of the uorescence microscope. Hence, the incubation concentration of Rubb 16 was boosted to 4Â MIC; however, once again no phosphorescence was detected (Fig. 6) . A second control experiment was conducted whereby E. coli cells were incubated with Rubb 16 at 4Â MIC for 15 minutes before the addition of rifampicin. The results are shown in Fig. 7 . Remarkably, the observed Rubb 16 phosphorescence was the same as if the cells had not been treated with rifampicin. Furthermore, the nucleoid also appeared to be condensed and essentially identical to that in untreated cells.
Cytotoxicity assay
We have demonstrated that the Rubb n complexes are signi-cantly less toxic to red blood cells and a human leukaemia cell line than against bacteria in our earlier work. 17 However, to further explore the potential selectivity of the Rubb n complexes between bacteria and eukaryotic cells, we evaluated the cytotoxicity of Rubb 16 towards liver and kidney cell lines. Cell lines from these organs were selected because the liver and kidney are the major sites of drug metabolism. 39 The results are summarised in Table 1 . The cytotoxicity of Rubb 16 50 ) and the selectivity index (SI) against S. aureus ATCC 25923 (MIC determined in our previous study) 17 and the E. coli MG1665 strain used in this study. SI is the ratio of IC 50 aeruginosa. 17 It is noteworthy that Rubb 16 showed a better selectivity to Gram positive bacteria than their Gram negative counterparts.
Discussion
A bacterial ribosome consists of a small 30S subunit and a large 50S subunit, with both components comprised of rRNA and protein. These two subunits associate together with mRNA to form the intact 70S ribosome. A number of ribosomes attached to mRNA form an anionic polysome chain that can efficiently synthesise protein. It has been shown that around 80% of bacterial ribosomes are active in protein synthesis independent of growth rate and conditions. 37, 40 In growing bacterial cells, most of the active ribosomes occur in polysomes. 41, 42 A theoretical model of cellular organisation in E. coli, proposed by Mondal et al., purports that ribosomes segregate to the cylindrical wall and polar regions of a bacterial cell to sample the space le unoccupied by the DNA in order to maximise their translational entropy.
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Treating E. coli cells with Rubb 16 (at MIC) gave rise to small bright foci in regions where polysomes are expected to be located (Fig 2 and Fig. 5e-g ). In experiments where the E. coli cells were pre-treated with chloramphenicol no bright foci were observed, instead a more uniform and diffuse Rubb 16 and provides a plausible explanation for the ndings in this study. An estimate of the total volume of the small foci at MIC indicates that they represent 30-50% of the ribosomes. 45 Hence we suggest that when untreated E. coli cells are exposed to Rubb 16 at MIC, a proportion (30-50%) of the ribosomes condense and the subsequent high concentration of Rubb 16 gives rise to intense luminescent foci, which dominate the image. The remaining non-aggregated polysomes give rise to a lower intensity luminescence. To conrm this, further image analysis of this system was performed to enhance the luminescence of the Rubb 16 outside of the foci. Fig. 8 shows that the foci are part of a greater volume of Rubb 16 phosphorescence, which has a lower intensity than the foci, but is still much greater than that of the nucleoid and the background solution. These regions of secondary intensity have a volume and location that is consistent with the expected distribution of non-aggregated polysomes. Treatment of E. coli with chloramphenicol is known to give rise to a reduction in the percentage of ribosomes that exist as polysomes. 42 Furthermore, as noted earlier, chloramphenicol condenses the nucleoid and allows polysomes to expand into a greater volume, thus reducing their concentration. Taken together, this would lead to diminished polysome aggregation upon addition of Rubb 16 . Indeed it appears that, when cells are treated with chloramphenicol, the polysomes remain largely dispersed in the cytoplasm, as indicated by the relatively uniform intensity of the Rubb 16 phosphorescence.
At higher concentrations (4Â MIC) the ruthenium complex could also condense the chromosomal DNA, as shown by staining with DAPI. DNA condensation in the presence of multivalent cationic species is well established.
46 At 4Â MIC of Rubb 16 , the rapid and high uptake of Rubb 16 would allow some of the ruthenium complex to also bind at secondary lower affinity sites such as the chromosomal DNA. It was puzzling that no signicant phosphorescence of the Rubb 16 was observed from the nucleoid region at the higher concentration of Rubb 16 . It is likely that the Rubb 16 concentration in the nucleoid remained too low to be observed as a phosphorescence image, despite it causing contraction of the chromosomal DNA. Based upon the number of nucleic acid base pairs and the volume available, the charge density on chromosomal DNA in an E. coli bacterium is about 100-fold less than that of a 70S ribosome (without considering the negative charge of the proteins).
47 This is consistent with the relatively lower binding to chromosomal DNA that was previously observed with S. aureus.
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It is noteworthy that at 4Â MIC the Rubb 16 phosphorescence remained localised and did not expand into the available cellular volume despite nucleoid contraction. Instead, an increased number of localised spots appeared in each cell, compared with cells incubated with Rubb 16 at MIC (Fig. 3g and  h ). An estimate of the total volume of the foci in this case reveals that they could account for approximately 70-100% of the ribosomes. We also observed faint orange phosphorescence in the areas surrounding the condensed nucleoid (see Fig. 3g and  h ). This could indicate Rubb 16 binding to nascent RNA that was localised near the nucleoid before being incorporated into ribosomes.
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The accumulation of ribosomes into polysomal chains gives rise to a signicant negative electrostatic potential, which strongly attracts the cationic Rubb 16 . It is possible that electrostatic correlations cause polysome chains to collapse, via a mechanism similar to that which drives DNA condensation by multivalent cations.
46 Polysome aggregates would be expected to nucleate in regions where they have a high concentration. Furthermore, the negatively-charged inner membrane would be likely to provide a scaffold for nucleation due to cooperative adsorption. This explains why the bright foci tended to appear bound to the membrane at the polar end caps, and in the equatorial regions for larger cells (wherein the nucleoid displays two lobes). Interestingly, fainter surface-bound spots were also observed within the cells, indicating areas where secondary nucleation had occurred. Over time, it is probable that these smaller aggregates will diminish through some coarsening mechanism, such as Ostwald ripening, to give rise to just a few major sites of aggregation.
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Polysomes in the cytosol are degraded in a matter of minutes, but their population is replenished by mRNA formation through transcription in the nucleoid. Rifampicin halts transcription through inhibition of RNAP, which co-localises with chromosomal DNA. Therefore, rifampicin does not directly compete with Rubb 16 binding. Pre-treatment of E. coli cells with rifampicin led to no measurable detection of Rubb 16 , even at 4Â MIC. During the 30 minutes of rifampicin incubation before the addition of Rubb 16 , the polysome population would have completely degraded and the 70S ribosomes dissociated into the free 30S and 50S subunits. 37, 42 These smaller particles are better able to mix with the nucleoid material and the latter is able to expand into the cell cavity. In this environment Rubb 16 would compete less effectively with higher concentrations of other cations to neutralise the ribosomal material. The higher mixing entropy and lower charge density favour a dispersed ribosomal phase relative to the aggregated one (even in the presence of Rubb 16 ). This leads to a negligible Rubb 16 phosphorescence intensity throughout the cell, due to the lack of ribosomal aggregation.
When rifampicin was added to cells previously incubated with 4Â MIC Rubb 16 , the polysome aggregates which initially formed remained intact, as indicated by the persistent bright foci. That is, the subsequent treatment with rifampicin did not lead to degradation of the polysomal aggregates. The implication is that the formation of condensed aggregates lends some protection to the polysomes from the natural degradation mechanisms in the cell. This was possibly due to large enzymatic molecules nding it difficult to penetrate into the aggregates. On the other hand, the nucleoid was also unaffected by the addition of rifampicin -that is, it did not expand into the cellular cavity, as was the case where rifampicin was added rst. The retained compactness of the nucleoid may have been due to the stability of a nucleoid condensed by the addition of 4Â MIC Rubb 16 . Nucleoid compaction may have also negated the effect of the rifampicin on transcription, thus providing an alternative (or additional) cause for the continued presence of polysome aggregates.
Treatment of the cells with the dye SYTO 9, aer incubation with Rubb 16 , gave rise to a surprising diminution of the Rubb 16 phosphorescence (Fig. 4) . Because of their chemical inertness, Rubb n complexes bind non-duplex nucleic acid structures reversibly as minor groove binders via electrostatic interaction with the negative charge of the sugar phosphate backbone.
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As a small cationic dye that binds strongly to RNA via intercalation, SYTO 9 is likely to diffuse within the aggregates and slowly displace Rubb 16 from the ribosomes. Presumably the polysomal aggregates subsequently re-dissolve due to the decreasing concentration of bound Rubb 16 . The dissociated Rubb 16 then diffuses out through the cytoplasmic membrane, reducing its total concentration in the cytosol. While SYTO 9 appears to compete with Rubb 16 for binding sites on the ribosome, chloramphenicol does not displace the ruthenium complex. As SYTO 9 is a non-specic RNA binding agent, but chloramphenicol selectively binds at the 23S rRNA of the 50S subunit, 53 the results tentatively suggest Rubb 16 localises at the 30S ribosomal subunit.
We have previously demonstrated that the Rubb n family of complexes are highly active antimicrobial agents. In this study we have also demonstrated that Rubb 16 was 40-to 350-fold less toxic to liver and kidney cells compared to several strains of bacteria, indicating a signicant selective toxicity for bacteria over eukaryotic cells. In our earlier studies, we have shown that Rubb 16 accumulates primarily in the mitochondria in eukaryotes. 10 It has been reported that antibiotics targeting the ribosome may show a certain degree of toxicity towards eukaryotes, such as aminoglycosides which cause ototoxicity and nephrotoxicity. 54 Although those antibiotics generally have no effect on the cytoplasmic ribosomes in eukaryotes, their toxicity is triggered by the inhibition of mitochondrial ribosomes (mitoribosomes).
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Compared to cytoplasmic ribosomes, mitoribosomes are considered to be more similar to bacterial ribosomes and they contain some sequences that can bind ribosome-targeting antibiotics. 54 However, there are still considerable differences in the physical properties of mitochondrial 55S and bacterial 70S ribosomes: the latter contain around 65% RNA, whereas RNA only makes up 33% of the former. 55, 56 Moreover, 55S ribosomes have a larger mass and physical dimensions than their 70S bacterial counter-parts. 57 In addition, a high population of polysomes are found in bacteria while mitoribosomes only appear in mitopolysomes occasionally. 41, 58 All of these factors suggest that the absolute charge density in mitoribosomes is expected to be lower than that in bacterial ribosomes, which would result in a weaker binding affinity of Rubb 16 . Finally, it has been estimated that in bacteria 15% of 70S ribosomes are membrane-associated. 59 By contrast, in mitochondria most 55S ribosomes are associated with the inner mitochondrial membrane. 58 Thus, although Rubb 16 accumulates in mitochondria in eukaryotes, mitoribosomes would be unlikely to be condensed by Rubb 16 . This is especially so, given that the uptake of ruthenium complex in eukaryotes is much less and slower than that in bacteria. 10, 18 This hypothesis is consistent with the relatively low cytotoxicity against liver and kidney cells of Rubb 16 compared to its MIC values.
Conclusions
The results of this study show that Rubb 16 -a dinuclear polypyridylruthenium(II) complex which contains a exible methylene chain in the bridge -known to bind non-duplex nucleic acid structures in vitro, preferentially binds bacterial RNA in vivo and accumulates in bacterial ribosomes. The specic targeting and condensation of the polysomes would enable Rubb 16 to halt translation, thus interrupting protein synthesis in actively growing bacterial cells. Rapidly growing bacteria are expected to contain a larger population of polysomes due to the increased requirement of cellular proteins. More importantly, Rubb 16 has signicant potential as a broad-spectrum antibiotic and is expected to be effective against drug-resistant strains -as has been shown. 17 Since the antimicrobial action appears to be controlled by electrostatic interactions with negatively-charged intracellular structures that are essential to all bacteria, mutations are unlikely to combat its activity unless they reduce the cellular uptake. Notably, Rubb 16 showed selective toxicity against bacteria over eukaryotic cells, and it appears to result from its RNA binding and localisation in ribosomes with high negative charge density. Furthermore, the modular design and general ease with which the structure of the ruthenium complexes can be modied will facilitate the optimisation of the selective antimicrobial activity of these compounds.
